Low levels of human copper transporter 1 (hCtr1) mRNA are associated with a shorter progression-free survival after platinum-based therapy. Pretreatment with a copper-lowering agent such as trientine enhanced hCtr1-mediated platinum uptake. Therefore, we conducted a pilot study (NCT01178112) of carboplatin and trientine with the goal of resensitizing patients with advanced cancer to platinum chemotherapy. This case report reviews the outcomes of 5 patients with platinum-resistant high-grade epithelial ovarian cancer enrolled on the study to date. Overall, they tolerated treatment well. Severe adverse events that occurred in 2 patients were myelosuppression, notably anemia requiring transfusion. Dose-limiting toxicity was not observed within the first 28 days (cycle 1). After 2 cycles of therapy, partial remission was achieved in 1 patient (10þ months), stable disease in 3 patients (2, 3.5þ, and 5 months, respectively), and 1 patient had progressive disease. These cases provide preliminary clinical evidence that the role of decreasing copper levels in reversing platinum resistance merits additional clinical investigation. Evaluation of this novel strategy is warranted in larger studies to assess the efficacy of this approach for treating platinum-resistant advanced epithelial ovarian cancer in patients with high copper levels.
Introduction
The standard first-line treatment for advanced epithelial ovarian cancer is cytoreductive surgery, followed by adjuvant therapy with a platinum-based regimen. Despite a salutary initial response, many patients relapse and eventually succumb to their disease, following development of drug resistance. Among the mechanisms that mediate platinum resistance (1, 2) , elevated copper level-induced downregulation of the major copper influx transporter human copper transporter 1 (hCtr1) plays a major role (3) . Recent discoveries revealed that hCtr1 regulates intracellular copper homeostasis, which, in turn, controls hCtr1 expression via a homeostatic feedback loop (4) . Copper-lowering agents increased the expression of hCtr1, subsequently resensitizing tumor cells to platinum therapy (5) . Here, we report preliminary evidence that a copper-lowering agent may be able to, at least partially, reverse platinum resistance in patients with platinum-resistant highgrade epithelial ovarian cancer.
Materials and Methods
To test the hypothesis that resistance to platinum therapy can be reversed through the use of a copper-lowering agent, we are conducting a pilot study (NCT01178112) at MD Anderson Cancer Center (6), in which carboplatin is combined with trientine [triethylenetetramine: N,N 0 -bis (2-aminoethyl)ethane-1,2-diamine; Fig. 1 ], a copper-lowering agent (5) , to treat patients with advanced malignancies. Five patients enrolled to date with a histologically proven diagnosis of platinum-resistant high-grade epithelial ovarian cancer are reviewed (Table 1) . Platinum resistance was defined as radiographic disease progression within 6 months of completion of a platinum-based regimen. After giving informed consent, patients received the study treatment [i.v. carboplatin area under the concentration curve (AUC 4; dose level 1) or AUC 6 (dose level 3) once every 4 weeks, plus oral trientine 500 mg 4 times a day (2 times with meals, and 2 times without meals) initially, with dose adjustment to maintain serum ceruloplasmin levels at 5-15 mg/dL]. Tumor responses were evaluated using Response Evaluation Criteria in Solid Tumors version 1.1 (7), and toxicity was assessed using Common Terminology Criteria for Adverse Events version 4.0 (8) . Serum ceruloplasmin and copper levels were monitored periodically (weekly initially, and then less frequently as appropriate). This study was conducted 
Case Reports

Patient 1
A 69-year-old white woman, whose status was postcytoreductive surgery for stage IIIC high-grade serous ovarian cancer in November 2004, received 5 lines of systemic therapy: paclitaxel plus carboplatin (becoming platinum resistant in 5 months), letrozole, topotecan, liposomal doxorubicin, and bevacizumab plus temsirolimus. In July 2010, she was enrolled at dose level 1. After 2 cycles of therapy, the patient was removed from the study for grade 3 hyperbilirubilemia caused by tumor-related intrahepatic biliary duct obstruction. The patient's tumor bulk increased by 14%, and the tumor marker CA-125 increased by 42%, whereas her serum ceruloplasmin and copper levels decreased slightly, as shown in Table 1 and Fig. 2 .
Patient 2
A 55-year-old white woman with a 6-year history of high-grade serous ovarian cancer initially underwent cytoreductive surgery and subsequently received 11 lines of systemic therapy: paclitaxel plus carboplatin, topotecan, liposomal doxorubicin, gemcitabine, etoposide, paclitaxel plus carboplatin (showing platinum resistance in 6 weeks), docetaxel, bevacizumab plus cyclophosphamide, paclitaxel, letrozole, and docetaxel plus sirolimus. In January 2011, the patient enrolled at dose level 3. She experienced grade 3 thrombocytopenia and anemia, and grade 2 fatigue, which improved significantly after carboplatin was decreased to AUC 5, 2 cycles later. Her overall tumor burden was reduced by 35%, 59%, and 70% after 2, 4, and 6 cycles, respectively, as shown in Fig. 3 . The patient's CA-125 level decreased by 98% (Fig. 4A) . After 10þ months, the patient continues on the study uneventfully. Her ceruloplasmin copper levels decreased significantly (Figs. 4B and 4C ).
Patient 3
A 60-year-old African American woman, whose status was postcytoreductive surgery for stage IIIC high-grade mixed epithelial ovarian cancer in February 2005, received 11 lines of systemic therapy: carboplatin and interferon plus filgrastim, carboplatin and gemcitabine (becoming platinum resistant in 6 weeks), letrozole, liposomal doxorubicin, bevacizumab and cyclophosphamide, topotecan and bevacizumab, topotecan, paclitaxel, docetaxel, tamoxifen, a c-MET inhibitor, and palliative pelvic radiation for vaginal bleeding. In May 2011, the patient was enrolled at dose level 3. She experienced grade 4 newly diagnosed acquired sideroblastic anemia, which required transfusion. The patient achieved a 10% tumor reduction lasting 5 months, associated with reduced serum ceruloplasmin and copper levels ( Fig. 2 ; Table 1 ). The tumor marker CA-125 decreased by 64%. The patient was removed from the study for vaginal bleeding.
Patient 4
A 57-year-old white woman underwent cytoreductive surgery for stage IIIC high-grade endometrioid ovarian cancer 4 years ago. She subsequently received 5 lines of systemic therapy: paclitaxel and carboplatin plus bevacizumab, liposomal doxorubicin plus carboplatin (becoming platinum resistant in 4 weeks), liposomal doxorubicin, docetaxel plus vandetanib, and an AKT inhibitor plus a mitogen-activated protein-extracellular signal-regulated kinase kinase inhibitor before she was enrolled at dose level 3 in June 2011. No grade 2 or higher treatmentrelated adverse events occurred. After 2 months, she was removed from the study for tumor progression by 120%. Her CA-125 increased by 409%, and her ceruloplasmin and copper levels decreased slightly. A 49-year-old Asian woman with a known BRCA-1 mutation underwent cytoreductive surgery for stage IIIC high-grade serous ovarian cancer in September 2006, and subsequently received 5 lines of systemic therapy: paclitaxel plus carboplatin (becoming platinum resistant in 6 months), topotecan, liposomal doxorubicin, bevacizumab plus gemcitabine, and bevacizumab plus cyclophosphamide. In July 2010, she was enrolled at dose level 3. The patient had stable disease for 3.5þ months with moderately reduced serum ceruloplasmin and copper levels. Her tumor marker CA-125 decreased by 45%.
Discussion
Decreased platinum uptake due to excessive copper levels may serve as a critical step in the development of platinum resistance (4, 9, 10) . Elevated copper levels in cancer cells and higher serum ceruloplasmin and copper levels have been observed in patients with advanced epithelial ovarian cancer (11) . Low levels of hCtr1 mRNA have been associated with a shorter progression-free survival after platinum-based therapy (12) .
Prolonged use of a copper-lowering agent to keep serum ceruloplasmin levels between 5 and 15 mg/dL did not cause clinical toxicity, because critical copper-dependent cellular processes were not affected (4). Treatment with copper-lowering agents alone in patients with advanced cancer produced no tumor responses (13) (14) (15) (16) (17) . One study with tetrathiomolybdate, another copper-lowering agent, plus irinotecan, fluorouracil, and leucovorin showed a 25% response rate in patients with metastatic colorectal cancer (18) . However, no clinical trial has yet been reported using a copper-lowering agent plus a platinum agent in patients with advanced cancer.
Salvage therapy in platinum-resistant patients generally produces low response rates (less than 10%), and durable responses are rare (19, 20) . Clearly, a novel strategy is needed to improve treatment of platinum-resistant ovarian cancer. Here, we report 5 patients with platinumresistant high-grade epithelial ovarian cancer who were treated with carboplatin plus trientine. Our preliminary clinical findings support the hypothesis that decreased copper levels in patients with platinum-resistant epithelial ovarian cancer may resensitize cancer cells to carboplatin therapy. The patients whose copper levels, after 1 and 2 cycles of therapy with trientine, were decreased the most had the greatest reduction in tumor bulk, as seen in patients 1, 2, and 3. In contrast, the fourth patient did not respond to carboplatin, and the concentration of copper in her body, as reflected by levels of surrogate biomarkers (serum ceruloplasmin and copper levels), did not change significantly after treatment with trientine. It is of great interest that patient 5, who had a BRCA1 mutation, achieved a minor tumor response, suggesting that even mildly increased platinum uptake leads to increased antitumor activity, because BRCA1 mutated cancer is sensitive to platinum agents (21) .
Post-Treatment Pre-Study
The major limitation of the study is the small number of patients, which abrogates drawing definitive conclusions. Other mechanisms possibly at play include antiangiogenesis. Another limitation is that, rather than being caused by decreased copper levels, the decreases observed in serum ceruloplasmin and copper levels might be a predictive prognostic marker, because patients who achieve rapid decreases in these levels after trientine treatment are most likely to respond to chemotherapy. Another possible mechanism accounting for our observations could be that decreased serum ceruloplasmin and copper levels in response to trientine treatment reflect the efficacy of chemotherapy in responding patients due to posttherapy-improved acute phase reactions.
To the best of our knowledge, this report provides first-in-human preliminary data showing that at least partial resensitization of cancer cells to platinum therapy may be achieved through the use of a copper-lowering agent. These interesting preliminary clinical findings suggest that a larger study using a copper-lowering agent in combination with a platinum-based regimen is warranted for evaluation in treating patients with platinum-resistant epithelial ovarian cancer with high copper levels. . Changes in the levels of tumor marker CA-125, serum ceruloplasmin, and copper after treatment with carboplatin plus trientine in patient 2 in A, B, and C, respectively. Decreases in the CA-125 tumor marker (A) were associated with decreases in serum ceruloplasmin levels (B), and serum copper levels (C).
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